(trade name Joncryl ® from BASF) have been particularly successful [47] [48] [49] . However these techniques have not been proven effective in PHB.
Free-radical mediated, reactive modification approaches that are initiated by peroxides, as well as irradiation techniques, can also be used to modify the architecture of linear polyolefins and to generate cross-linked structures in solvent-free melt-state processing. This approach has also been considered as a means to cross-link medium-chain length PHAs, such as PHO [24, 50] and PHBV [18, 23] . To the best of our knowledge, chain extension or cross-linking of PHB using free-radical mediated reactions has never been accomplished. In polymers having tertiary carbons in their backbones, such as polypropylene and PHB, processing in the presence of free-radicals causes severe chain scission. To counteract this, free radical-mediated-reactive extrusion in the melt state, assisted by coagents is frequently employed as a means to introduce long-chain branching [42, 51, 52] . We recently implemented peroxide-initiated grafting of a multi-functional coagent, triallyl trimesate (TAM) in the melt state together with dicumyl peroxide (DCP), to obtain PLA with long chain branching having significantly improved melt strength and crystallization kinetics [53] . The same approach successfully increased the viscosity of polyhydroxyalkanoate (PHO), a medium-chain length PHA, and resulted in reactively modified PLA/PHO blends with significant improvements in melt strength, and crystallinity [54] . The present work implements this approach to modify the chain architecture of PHB. Depending on the amounts of DCP and TAM, chain extended, or cross-linked PHB with high amounts of gel, is obtained for the first time to be best of our knowledge. We further report substantial improvements in the melt-state properties, modulus and thermal stability of the polymer.
Experimental

Materials and compounding
Additive-free PHB with a weight-average molecular weight of 1,416 kg/mol and polydispersity of 7 (as reported by the supplier), was supplied by BIOMER, Krailling, Germany. Triallyl trimesate (TAM, 98%) and dicumyl peroxide (DCP, 98%) were used as received from Sigma-Aldrich. Joncryl TM 4368 a multifunctional epoxide styrene-acrylic oligomeric chain extender, containing glycidyl methacrylate (GMA) functions was supplied by BASF. DCP (0.2,0.3 wt%) and TAM (0.2-1 wt%) were dissolved in acetone and coated onto PHB powders in a Petri dish. The coated pellets were placed in a vacuum oven overnight at 60 °C to remove the solvent and moisture. Subsequently the mixtures were mixed in a DSM microcompounder at 190 °C for 6 min at a screw speed of 100 rpm to ensure complete reaction. The curing time is estimated from the half-life of the peroxide at the curing temperature. Usually, the peroxide curing process is estimated to end after a period of five times of that of the half-life of the peroxide (the half-life time of the DCP at 190°C is around 1 min). The resulting compounds are designated using the name of the polymer, followed by the amounts of DCP and TAM (e.g. PHB/0.3/1 denotes PHB reacted with 0.3 wt.% DCP and 1 wt.% TAM).
To provide a suitable comparison, 2 wt% Joncryl ® , which is one the most common used polymer branching agent used in polyesters, was blended with PHB using the DSM microcompounder under the same conditions as described above.
Characterization
Rheology
The rheological properties were measured using an MCR-301 Anton Paar rheometer. Compressionmolded disks, having 20 mm diameter and 2 mm thickness, were prepared using a Carver press at 190 °C.
The viscoelastic properties were measured in the shear oscillatory mode by means of 25 mm parallel plate geometry at 190 °C. Frequency sweeps were conducted at 190°C at a frequency range between 1 and 250 rad•s -1 . The lowest frequency was kept at 1 rad/s, to limit the exposure time of the samples, as PHB is known to suffer from extensive thermal degradation. Time sweeps were conducted at a frequency of 1 Hz and 190 °C to assess the stability of PHB and the modified samples.
Samples were further characterized in uniaxial extension using an SER-2 universal testing platform from expansion instruments hosted on an MCR-301 by Anton Paar. In the SER fixture 10 mm wide × about 700 μm thick rectangular polymeric film specimens were fixed with clamps on two counter-rotating cylindrical drums. While one cylinder is driven by the MCR-301 motor, the other rotates in the opposite direction and is directly coupled with the torque transducer of the rheometer to measure the torque on the Isothermal experiments were also conducted at the blending temperature of 190 °C for 20 min.
Gel content
To calculate the gel content, the samples were Soxhlet-extracted with boiling chloroform for 18 h to thoroughly remove the soluble fractions. Approximately 0.35 g of the samples were cut into small pieces and wrapped in a pre-weighted standard wire mesh. The swelled samples were dried in a vacuum oven.
The gel fraction were calculated by dividing the final weights with the initial weights of the gels as Eq. Table 1 .
As depicted in Figure 1 , the unmodified PHB had a very low viscosity, and displayed a Newtonian Table 1) . Even though Joncryl ® is a commonly used chain extender for polyesters such as PLA [48] , these results prove that it is ineffective in the case of PHB.
On the other hand, adding TAM coagent, while keeping the amount of peroxide constant at 0. polymers, such as polypropylene [52] and PLA [53] .
Coagent-modified samples also exhibited significant strain hardening, under extensional deformation, as
shown by extensional stress growth experiments ( Figure 3 ). It should be noted that it was not possible to measure the extensional viscosity of the parent PHB material, due to its very low viscosity and sagging.
To our knowledge this is the first time that PHB with enhanced melt strength is produced.
Similar trends were obtained by using 0.3 wt% DCP and varying amounts of TAM. However when the amount of DCP increased to 0.3 wt%, less amount of coagent was needed to achieve similar effects (Table 1 ). Out of the formulations shown in Table 1 , those reacted with 0.2 wt% DCP and amounts of TAM higher than 0.6 wt%, as well as those containing 0.3 wt% DCP and amounts of TAM up to 0.4 wt% had gel contents around 30 wt%, indicative of partial cross-linking.
Adding TAM beyond this level, resulted in very high viscosities, above 10,000 Pa·s, (see Figure 4 ) with a pronounced viscoelastic solid-like behaviour, values of tan below 1 ( Investigation of the samples' thermal properties showed a significant increase in the crystallization temperature, finer spherulitic structure and faster crystallization kinetics. PHB with high degrees of crosslinking also had improved thermal stability. These traits have the potential to expand the use of PHB in many common polymer processing applications.
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